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INTRODUCTION

58
rainbow trout. Compared with a self-sustaining wild-type population (S-strain) in the deep 93 Serpentine Dam in Western Australia, which was stocked by PFRC prior to the 1960s, the PFRC H-94 strain of rainbow trout has considerably less genetic variation in microsatellite loci (Ward et al., 95 2003) , an expected result if the population had experienced a selection-driven bottleneck in the past. 96
Phenotypically, the PFRC H-strain has been shown to tolerate the extreme temperature of 27°C for 97 twice as long as the wild-type S-strain from Serpentine Dam (Molony et al., 2004) . More broadly, 98 an earlier study showed the longer survival time at high temperatures (25-29°C) of PFRC rainbow 99 trout than their counterparts from New South Wales and Victoria, where the PFRC rainbow trout 100 directly originated (Morrissy, 1973) . These results suggest the possibility that poorly adapted 101 individuals have been eliminated during hatchery rearing because water temperature cannot be 102 been questioned in general (Clark et al., 2013) and rebutted (Pörtner and Giomi, 2013; Farrell, 2013) . 125
More specifically, the questioning was for a fish species (Norin et al., 2014) , an amphibian species 126 (Overgaard et al., 2012 ) and a tropical shrimp (Ern et al., 2014 ). Yet, aerobic scope, fHmax and CTmax 127 have been satisfactorily compared through the studies in goldfish (Ferreira et al., 2014) , Danio 128 (Sidhu et al., 2014) and salmonids (Casselman et al., 2012; Chen et al., 2013) . Therefore, the present 129 study determined the optimum temperature for aerobic scope (Topt) and the extent that aerobic scope 130 diminished at supraoptimal temperatures up to 25°C . In addition, the rate transition temperatures, 131
when fHmax failed to keep up with a steady Q10 during acute warming, were characterized because 132 of the clear evidence in salmonids that the primary response to deliver more oxygen to tissues is 133 increasing fH (Farrell, 2009; Eliason et al., 2011) . 134
135
RESULTS
136
Critical thermal maximum (CTmax) 137
The average CTmax among all individuals in this study was 29.0 ± 0.02°C . The individual variance 138 in CTmax was very small, with CTmax values for the 375 fish from the 25 families spanning just 1.6°C 139 and ranging from 28.1 to 29.7°C . Minor CTmax differences could be statistically distinguished 140 among some family groups: family group 1 had a significantly higher CTmax (29.3 ± 0.02°C , p < 141 0.01) than all others, while family group 2 and 5 had a significantly lower CTmax (28.9 ± 0.03°C and 142 28.8 ± 0.03°C , p < 0.01) compared with all the others (Fig. 2) . 143
144
Metabolic rates and aerobic scope 145
In family groups 1, 2 and 5, RMR increased by about 6-fold with acute warming from 8°C to 25°C 146 (Fig. 3A) . The RMR values for family group 1 and 5 were significantly different (p = 0.049). Family 147 group 1 had the lowest Q10 (2.9) and the highest CTmax, whereas family group 5 had the highest Q10 148 (3.1) with the lowest CTmax. No statistically significant difference was found among the three family 149 groups for MMR at any common test temperature (p > 0.13). Before reaching its maximum value, 150
MMR increased with a similar average Q10 of 1.6 for the three family groups (Fig. 3A) . According 151 to the Gaussian functions, MMR had its maximum value at 20.0°C for group 1 (753.0 mg O2 kg 
3A). 154 155
Although the regression equations for aerobic scope were based on the group data ( Fig. 3B ), all the 156 rate transition temperatures were based on a fitted function for each individual. According to the 157 Gaussian functions, aerobic scope reached a maximum value for the three family groups around 158 16°C (550.0 ± 25.6 mg O2 kg -1 h -1 at 16.5 ± 0.6°C for group 1, 559.7 ± 22.0 mg O2 kg -1 h -1 at 15.3 ± 159 0.2°C for group 2 and 541.2 ± 24.3 mg O2 kg -1 h -1 at 15.8 ± 0.7°C for group 5) ( Table 1 ). Both the 160 maximum aerobic scope values and the rate transition temperatures were not significantly different 161 among the family groups (Table 1) . Pejus temperatures were arbitrarily assigned at 90% of the 162 maximum aerobic scope (Eliason et al. 2011) . The lower Tpej values were clustered between 11.5 ± 163
1.0°C and 12.4 ± 0.4°C , while the upper Tpej values were clustered between 19.0 ± 0.4°C and 20.5 164 ± 0.8°C (Table 1) . Upper Tcrit values were between 31.6 ± 1.7 and 36.0 ± 1.6°C. The factorial aerobic 165 scope (i.e., MMR/RMR) was the greatest at 8°C (5.9 -6.4 among groups), decreased with 166 temperature but remained an impressive 1.4 -1.8 even at the highest test temperature (25°C ). 167
Family group 1 had the highest factorial aerobic scope. At 25°C , aerobic scope was 29 -43% of the 168 maximum aerobic scope at Topt. 169
170
Maximum heart rate (fHmax) 171
All three family groups increased fHmax with incremental warming until a maximum value for fHmax 172 was reached and a cardiac arrhythmia followed with further warming (Fig. 4A) . The peak value for 173 fHmax occurred between 23.5 ± 0.4 and 24.0 ± 0.4°C (TMAX) among families, which was above the 174 upper Tpej determined from aerobic scope ( Table 2 ). The temperature where cardiac arrhythmia (TAR) 175 first developed averaged around 25°C for the three family groups. No fish maintained a regular heart 176 beat beyond 27°C , with 23°C being the lowest TAR in all three family groups ( Fig. 4A ). At 25°C , 177 which was the highest test temperature used to measure aerobic scope, 50% of the fish tested 178 displayed cardiac arrhythmias. Across all test temperatures, family group 2 maintained the lowest 179 fHmax across all temperature rates (Fig. 4A) . 180
181
The rate transition temperatures for fHmax are compared for the three family groups in Table 2 , but 182 no significant differences were discovered. The incremental Q10 for fHmax decreased progressively 183 with acute warming (Fig. 4B) . The TQB values ranged from 21.6 ± 0.2 to 22.0 ± 0.4°C and it were 184 statistically indistinguishable from the TAB values (Table 2 ). The TAB values ranged from 20.3 ± 0.3 185 to 20.7 ± 0.4°C among groups (Table 2) . 186
187
Ventricle mass, hemoglobin (Hb) and hematocrit (Hct) 188
The fish from the fHmax measurements had an average of body mass of 37.2 ± 1.2 g (Table 3 ) and an 189 average wet ventricle mass of 30.6 ± 1.2 mg. There were no significant statistical differences among 190 family groups (Table 4) . The relative wet ventricle mass (RVM) was between 0.081 -0.084% (Table  191 4). Hematocrit (Hct) level and hemoglobin (Hb) content also were not significantly different among 192 family groups. Hct level ranged from 32.9 ± 1.1 to 36.9 ± 2.6%. Hb content was around 10.1 g dL -193 1 (Table 4) . 194
195
DISCUSSION
196
For the first time, the present study comprehensively examined the upper thermal tolerance of an 197 introduced fish species (PFRC H-strain of rainbow trout) that has undergone significant thermal 198 selection over 19 generations of hatchery culture. We provided experimental support for the two 199 hypotheses that we set out to test: 1) PFRC H-strain rainbow trout are able to maintain aerobic scope 200 and fHmax at a high temperature; and 2) phenotypic variation has been reduced due to the intensive 201 selection. Maximum heart rate was sustained without showing arrhythmia until 25°C, at which 202 temperature aerobic scope was still at 40% greater than RMR. Limited variation was particularly 203 evident for the rate transition temperatures as indicated by the subtle differences among 204 independently tested groups (Table 1 , 2). In CTmax, the family group differences that did emerge as 205 significant were quantitatively small (Fig. 2) . 206
207
The occurrence and intensity of local adaptation relies on many factors: the scale and magnitude of 208 selection; the level of standing genetic variation in the population; the extent of gene flow; and the 209 heritability of adaptive traits. Because these factors differ widely between species and populations, 210 so too does the magnitude of local adaptation (Leimu and Fischer, 2008 Furthermore, a study of gene expression in the rainbow trout introduced to Japan (Ojima et al., 2012 , 217 Tan et al., 2012 ) revealed a higher expression of heat shock genes after the strain was raised at high 218 temperatures (20 -24°C, occasionally 30°C) in summer for more than 14 successive generations. 219
Similarly, transplanted sticklebacks (Gasterosteus aculeatus Linnaeus) became more cold tolerant 220 in just three generations (Barrett et al., 2011) . However, phenotypic plasticity can cause exceptional 221 variability on thermal performance (Currie et al., 1998) and must be investigated as a complement 222 to evolutionary adaptation for thermal tolerance (Narum et al., 2013) . In the present study, we had 223 maintained the fish at 15°C in a common garden environment since hatching stage to minimize any 224 acclimation effect. 225
226
Critical thermal maximum (CTmax) 227
CTmax is a widely accepted measure of acute thermal tolerance and is defined as "the thermal point 228 at which locomotion becomes disorganized and the animal loses its ability to escape from conditions 229 that will promptly lead to its death" (Lutterschmidt and Hutchison, 1997) . Thus, CTmax can be used 230 to infer the ability of animals to tolerate a rapid regional or a diurnal temperature increase in the 231 wild. For example, CTmax has been found to be coincident with the extreme temperatures of the 232 habitat in a number of fish species (Somero and DeVries 1967; Beitinger et al. 2000) . The present 233 study found that CTmax of H-strain rainbow trout is between 28 and 30°C , which is very close to the 234 annual highest water temperature of PFRC based on historic data (Molony et al., 2004) . In the 235 summer of 2014, a relatively cool year in Western Australia, the highest water temperature was 236 recorded as 26.1°C for 3 h (Fig. 1 ) and this extreme did not produce any thermal-related fish 237 mortality. Fish survival was possible in previous summers when ambient water temperatures (> 238 30°C ) clearly exceed the measured CTmax only because cooling towers was used at the hatchery to 239 chill the hatchery water for each pond as best as possible. 240
241
When compared with CTmax values for rainbow trout populations from other locations and habitats, 242
we found a large variance among studies (26.9 -31.8°C Table 5 ). However, acclimation temperature 243 played a significant role in this variability (Fig. 5 ). CTmax has a smaller range between 27.5 and 244 30°C for indigenous strains in British Columbia, Canada when acclimated at 10°C (Scott, 2012) and 245 in California (Myrick and Cech, 2000; Myrick and Cech, 2005) , and in recently established strains 246 in Pennsylvania, USA (Carline and Machung, 2011) . For related redband trout that have adapted to 247 a desert environment (Rodnick et al., 2004) , where summer water temperature can oscillate from 18 248 to 30°C daily, CTmax (29.7 ± 0.3°C) was close to the upper daily water temperature recorded for 249 those streams. Even a Japanese strain, originally from California, which has been intensely selected 250 for upper temperature tolerance over multiple generations, had a CTmax of 30.4°C that was no 251 different to the non-selected strains (Ineno et al., 2005) . These results suggest that variability of 252 CTmax may be lower at a population level (arising both naturally and through artificial selection) 253 compared to the larger differences that are known to exist among species that ranging from < 10 °C 254
in Antarctic "icefish" (Somero and DeVries 1967) to ~40°C in mosquito fish (Beitinger et al. 2000) . 255
Significant differences do exist among families in the present and many previous studies, even 256 though the absolute values of CTmax generally being within 2°C in common garden environments 257 (Carline and Machung, 2011; Myrick and Cech, 2005) . The underlying reason for the intraspecific 258 variance of CTmax in rainbow trout is unclear, but may arise from modification of key biochemical 259 pathways (Hochachka and Somero 2002) during adaptation. With the rapid development of high-260 throughput next generation sequencing, it may be possible to address this question in the near future. 261
All the same, artificially selecting a particular strain of rainbow trout (and perhaps other species) to 262 perform at significantly higher temperatures may prove difficult using CTmax as the only metric to 263 make such a distinction, because CTmax is a measure of tolerance rather than performance. 264
265
Metabolic rates and aerobic scope 266
It is proposed that thermal performance of an aquatic ectotherm is limited by the capacity to deliver 267 oxygen to its tissues (Pörtner and Knust, 2007; Pörtner and Farrell, 2008) . Thus, the curve for 268 aerobic scope as a function of temperature, as originally conceived for fishes by Fry (1947) , 269 graphically describes the thermal performance of a fish by illustrating the capacity to increase its 270 tissue oxygen delivery above and beyond routine needs (Farrell, 2009 ). According to the Fry aerobic 271 scope curve, an elevated RMR without a corresponding increase in MMR will reduce aerobic scope, 272 which consequently will cause the decrease of upper critical temperatures. In an earlier research on 273
Italian rainbow trout (3 -10 g), aerobic scope at 20°C averaged 355.2 mg O2 kg -1 h -1 (Wieser et al., 274 1985) , which is lower than in the present findings (474.3 mg O2 kg -1 h -1 ), suggesting the PFRC H-275 line trout have a greater capacity for performance at these warm temperatures. However, naturally 276 warm adapted populations of redband trout may have evolved an even greater aerobic scope 277 compared with the artificially selected stock in the present study. For example, RMR of redband 278 trout at 24°C (200 ± 13 mg O2 kg -0.83 h -1 ; Rodnick et al., 2004) was 49% lower than the values 279 generated here, yet MMR was the same in both studies. As a result, with aerobic scope of redband 280 trout at 24°C (533 ± 22 mg O2 kg -0.882 h -1 ) is 1.6 times higher than the rainbow trout from Western 281
Australia, which suggests that redband trout may be better adapted to warm temperatures even 282 though they have a similar CTmax (Table 5) . 283
284
While Gaussian curves fitted the MMR and aerobic scope data well, extrapolation of these lines 285 beyond the actual data points must be undertaken with great caution. For example, here, the 286 extrapolated values for the upper Tcrit exceeded the CTmax values, which is a highly unlikely situation. 287
Instead, this anomaly reflects the difficulty in measuring metabolic rates at a test temperature > 288 25°C , beyond which aerobic scope falls precipitously with increasing temperature. Thus, we 289 included a quadratic fit (dash lines) to the data in Fig. 3B as an alternate extrapolation for Tcrit. 290
Gaussian functions (solid lines in Fig. 3B ), however, provided a better predict Topt for aerobic scope 291 Where the PFRC H-strain truly stands out is its ability to maintain a large aerobic scope very close 296 to CTmax. At 25°C , RMR could still be increased by 1.4 to 1.8-fold depending on the family groups. 297
Given that salmonids that consume large meals can double their metabolic rate post-prandially 298 (Farrell et al., 2001; Fu et al., 2005; Eliason et al., 2014) , we can conclude that the PFRC H-strain 299 at 25°C would have some (but not a full) capacity for both digestion and activity. This conclusion 300 is consistent with empirical observation of fish swimming and eating in the holding aquaria even on 301 the hottest summer temperature (26.1°C ) during the present study. Even so, the temperature margin 302 between these activities and death is small. Previous research found that all fish were dead within 303 20 h when held at 27°C, but with a variable mortality rate across time (Molony et al., 2004) . The 304 group variability in aerobic scope and RMR observed here might help explain the variable mortality 305 observed earlier. Further studies will be needed to explain how aerobic scope can be maintained at 306 such high temperatures in this strain. 307 308
Maximum heart rate (fHmax) 309
Heart plays a critical role in delivering oxygen to tissues. The Fick equation states that oxygen 310 uptake is the product of cardiac output and tissue oxygen extraction from the blood. Moreover, 311 cardiac performance becomes even more critical during acute warming because it is predominately 312 heart rate, much more so than either cardiac stroke volume or tissue oxygen extraction, that increases 313 as metabolic rate increases (Farrell, 2009 ). In salmonids, data suggest that the inability of fHmax to 314 continue to increase exponentially with temperature may be the initial trigger for the leveling of 315 aerobic scope as Topt is approached (Farrell, 2009; Casselman et al., 2012; Eliason et al., 2013) . 316
Here, as in earlier studies (Casselman et al., 2012; Chen et al., 2013; Sidhu et al., 2014) , we used 317 pharmacological approaches to generate fHmax and to examine the effect of acute warming. The 318 proximity of TAB (Table 4 ) and upper Tpej (Table 2) contrasts with the previous findings that TAB 319 was closer to either Topt (Casselman et al., 2012) or lower Tpej (Ferreira et al. 2014) . Another 320 important association is that cardiac arrhythmias began when Tpej was exceeded and aerobic scope 321 was in decline. The reason is that if the fHmax cannot increase further, then the only means to increase 322 maximum aerobic scope (or maintain if fHmax is in decline) would be to increase cardiac stroke 323 volume and/or tissue oxygen extraction, which are less efficient. Indeed, the present study find that 324 cardiac arrhythmias developed well beyond the upper Tpej (Table 2) , but always at temperatures prior 325 to reaching CTmax. 326 327 Ventricle mass, hemoglobin (Hb) and hematocrit (Hct) 328
Hb concentration was similar to previous findings in redband trout (Rodnick et al., 2004) , while Hct 329 level was higher than the average in rainbow trout (Gallaugher and Farrell, 1998) , suggesting the 330 blood O2 carrying capacity of PFRC H-line is comparable with warm-adapted redband trout. 331
However, the relative ventricle mass (RVM) of PFRC rainbow trout was smaller (7.7 -33.1%) than 332 RVM in redband trout (Rodnick et al., 2004) , which may be a hatchery effect. If the difference in 333 cardiac mass translates to improved cardiac output and arterial blood pressure, it may help explain 334 why the redband trout appears to be better adapted to warm temperatures. 335 336
Conclusion 337
On the whole, despite the fact that Western Australia is a marginal habitat for rainbow trout (high 338 temperatures, low water oxygen content and loss of aquatic habitat as creeks and dams dry up), the 339 stocking program carried out annually by PFRC is able to maintain a viable recreational fishery 340 based on the PFRC H-strain of rainbow trout in stocked habitats in Western Australia. The present 341 study provides physiological evidence to support the previous discovery that the PFRC H-strain has 342 undergone certain levels of selection and demonstrated the ability to survive hot climate. Further 343 comparative physiological and genomic research could help to elucidate the mechanism of broader 344 thermal adaptation at both the inter-and intra-specific level. Because of the adequate performance 345 in both growth (Molony et al., 2004) and temperature tolerance, rainbow trout in the current study 346 represent a promising strain suited to aquaculture in a warming climate, and thus merit further 347 investigation. 348 which increases in summer as a result of insolation and a greatly reduced water level. All fish in this 360 study were bred on June 10 th and 11 th , 2013 using 25 males and 25 females that were dry stripped. 361
349
MATERIAL AND METHODS
Milt from 5 males were pooled and fertilized separately with eggs from 5 females to generate a 362 group with 5 half-sibling families. In total, we produced 5 such family groups (Table 3) , each of 363 which contained 5 half-sibling families. Fertilized eggs were incubated in boxes made from rigid 364 fly wire (length x width x height: 120 mm x 50 mm x 35 mm). Prior to hatching, eggs were removed 365 from the incubator and placed into 25 hatching/larval rearing boxes (340 mm x 270 mm x 200 mm) 366 made from perforated (1.0 mm diameter holes) stainless steel sheet. These boxes were suspended 367 (half submerged) into separate 200 L cones, with a common water supply in a recirculating system. 368
Animals were raised in thermally controlled water (15.0 ± 0.4°C ) with 12 h:12 h light:dark cycles. 369
The system received an input of fresh creek water at the rate of 6 L min -1 . Two biological filters (1 370 mm) filtered excess food and wastes and were cleaned daily. Water nitrite and ammonia levels were 371 checked twice a week using aquarium water quality test kit (Tetratest, Tetra, Germany). After 372 hatching, 200 fish were released from hatching boxes into the cones. Fish were fed twice a day with 373 commercial freshwater trout diet (Skretting, Cambridge, Tasmania, Australia), but not on the day 374 before an experiment, which resulted in a 48 h fast for the experimental fish. The following 375 experiments were conducted between November 2013 and January 2014. Each fish was subjected 376 to only one of the following tests. 377
378
Critical thermal maximum (CTmax) 379
Each CTmax measurement used a batch of 15 fish from each half-sibling family (75 fish each family 380 group, Table 3 ). Fish were quickly dip netted into a 40 L plastic container with aerated and 381 temperature-controlled circulating water (F32 -MD, Julabo Labortechnik GmbH, Seelbach, BW, 382 Germany). Fish were given 1 h to recover from handling stress at 15°C . Water temperature was then 383 increased at 0.3°C min -1 to 22°C and at 0.1°C min -1 thereafter (Beitinger et al., 2000) until CTmax 384 was reached, defined as the temperature when an individual fish lost equilibrium continuously for 385 10 s. Subsequently, fish were immediately removed from the test chamber and put into a separate 386 bucket at 15°C to recover. After the experiment, fish were anesthetized in 80 mg L -1 MS222 buffered 387 with 160 mg L -1 NaHCO3 and body size was measured. Water temperature was measured using a 388 digital thermometer (precision: 0.1°C ; Total-Range Thermometer, Fisher Scientific, Nepean, ON, 389 Canada). Post-testing fish mortality was 3.2%. All the thermometers were calibrated in ice water 390 bath (0°C) and 50°C water bath. Two mercury thermometer were used to validate the water bath 391
temperatures. 392 393
Aerobic Scope 394
Routine metabolic rate (RMR) and maximum metabolic rate (MMR) were measured to calculate 395 aerobic scope (MMR-RMR). Given the limited amount of individual variation observed with the 396 CTmax measurements, aerobic scope was only measured in the three family groups (1, 2 and 5) that 397
showed the greatest collective variability. Aerobic scope measurements were completed in 18 days, 398
with daily measurements of 6 fish (2 from each of the three family groups) ( Table 3) . As a result, 399 fish growth during the course of the measurements was not a significant factor (see below). RMR 400 and MMR were measured on individual fish (N = 6 per group) at each of six test temperatures (8, 401
12, 15, 18, 21, and 25°C ) as follows. Two weeks before experiment, 6 fish were randomly selected 402 and placed into separate floating boxes made from rigid plastic mesh (diameter = 15 cm; height: 20 403 cm). After a 48-h fasting period, fish were individually transferred from the holding tank to one of 404 6 custom-made, intermittent-flow respirometers (~500 ml). Water temperature (15°C ) in the 405 respirometers was controlled with in-line, recirculating chillers (F32 -MD, Julabo Labortechnik 406 GmbH, Seelbach, BW, Germany). Fish were left overnight for a minimum of 12 h to adjust to the 407 respirometer. Water temperature was increased at a rate of 2°C h -1 to the desired test temperature. 408
Then the fish were held at the test temperature for 1 h before RMR was measured by closing the 409 respirometer and recording the depletion of oxygen from the water with a fiber optic oxygen meter 410 (Firesting O2, PyroScience GmbH, Aachen, NRW, Germany). Water oxygen content was allowed 411 to decrease by no more than 25% (i.e., > 75% saturation), which generally took less than 10 min. 412
After the RMR measurement, one fish at a time was removed from respirometer and placed in a 50 413 cm diameter circular tank containing aerated water at the test temperature, where it was exercised 414 to exhaustion over a roughly 5 min period by combining hand chasing and gentle tail pinches until 415 the fish became unresponsive to touch. The fish was immediately returned to the respirometer (< 1 416 min) and measured oxygen consumption for 3 min. MMR was determined by taking the maximum 417 rate of oxygen removal for a minimum of 1.5 min during this recording period, which typically 418 occurred immediately after the fish was returned to the respirometer. After the MMR measurement, 419 fish were weighed and returned to the holding tank. Each fish was given a minimum of 3 days to 420 recover between temperature tests. At the time of the experiments the fish weighed an average of 421 31.8 ± 0.9 g (N = 18 in total). Body mass did not differ significantly among family groups. Body 422 mass increased by an average of 7.9% during the 18 days of testing despite the food restriction, 423 handling and tests. filter; low-pass: 30-50 Hz; high-pass 0.1-0.3 kHz) the ECG signal. The conditioned ECG signal was 447 digitalized using a Powerlab 8/35 data acquisition system and analyzed using Labchart software 448 version 7 (ADInstruments Inc., Bella Vista, NSW, Australia). Anaesthetized fish were stabilized at 449 the initial test temperature (15°C) for 1 h. An intraperitoneal injection of atropine sulfate (1.8 mg 450 kg -1 , Sigma-Aldrich, St. Louis, MO, USA) blocked inhibitory vagal tonus to the heart and an 451 isoproterenol injection (6 μg kg -1 , Sigma-Aldrich, St. Louis, MO, USA) stimulated cardiac 452 adrenergic β-receptors. These injections resulted in a stable maximum heart rate (fHmax). Then the 453 water was heated in 1°C increments every 6 min, which was a sufficient equilibration time to reach 454 a new stable level for heart rate. Acute warming continued until the heart developed an arrhythmia, 455 at which point the experiment was terminated. Ventricle was immediately separated from fish and 456 weighed (Table 4) . 457 458
Hemoglobin (Hb) and hematocrit (Hct) analysis 459
Subsequent to the completion of the above tests, a subsample of fish was removed from the 460 remaining stock of group 1, 2, 3 and 5. Acclimated at 15°C, 5 individuals from each group were 461 randomly selected for determination of individual haematocrit and haemoglobin levels. Missouri, USA), weighed and blood samples taken immediately using heparinized vacutainers. Hb 464 was measured on a handheld hemoglobin analyzer (Hemacue 201+, Ängelholm, Sweden) using 0.1 465 ml of blood and Hct was measured using microhematocrit capillary tubes centrifuged at 10,000 g 466 for 5 min. 467
468
Statistical analysis 469
All data analysis were performed using SigmaPlot version 11.0 (Systat Software Inc., San Jose, CA, 470 USA) excepts where specified. Values are presented as mean ± s.e.m. Statistical significances for 471 all analyses were set at α = 0.05. Analysis of covariance (SPSS version 21.0, IBM Corp., Armonk, 472 NY, USA) was used to test for differences in CTmax among family groups and account for effect of 473 body size. RMR, MMR and aerobic scope were determined for each individual fish at each of the 474 six test temperatures. Differences in RMR, MMR and AS between family groups were tested using 475 a two-way ANOVA with Holm-Sidak post-hoc test. In addition, regression analysis was used to 476 generate a best-fit curve for each of the three groups (polynomial quadratic function for RMR, and 477
Gaussian 3-parameter function for AS and MMR). The equations of these curves were used to 478 generate the rate transition temperatures for aerobic scope: 1) optimum temperature (Topt) was the 479 temperature for the maximum aerobic scope; 2) pejus temperature (Tpej) was the temperature when 480 aerobic scope was reduced to 90% of maximum; 3) critical temperature (Tcrit) was the temperature 481 when aerobic scope was 10% of maximum. These rate transition temperatures were compared 482 among family groups using a one-way ANOVA with a Holm-Sidak post-hoc test (Table 1) . In fHmax 483 analysis, the rate transition temperatures (TAB -the first Arrhenius breakpoint temperature; TQB -484 the breakpoint temperature for Q10 of fHmax; TMAX -the temperature at which fHmax reached its 485 maximum absolute value; TAR -the arrhythmic temperature) were determined from the responses 486 of individual fish and are reported as mean values in Table 2 . TAB analysis was performed according 487
to Yeager and Gordon (1989) and represents the intersection of two regression lines in an Arrhenius 488 plot of fHmax versus test temperature. TQB was arbitrarily set as the temperature beyond which the 489 incremental Q10 for fHmax fell below 1.6. For each individual, incremental Q10 values for fHmax during 490 incremental warming were plotted against temperature (Fig. 4B) Verhille, C., Anttila, K. and Farrell, A. P. (2013) . A heart to heart on temperature: Impaired 647 temperature tolerance of triploid rainbow trout (Oncorhynchus mykiss) due to early onset of 648 cardiac arrhythmia. Comp. Biochem. Physiol. Part A, Mol. Integr. Physiol. 164, [653] [654] [655] [656] [657] Note: Estimates were generated from individual fish data using either a Gaussian 3-parameter function to generate the Fry aerobic scope curve (similar to the fitting for the mean value in Fig. 2B ).
730
Using these equations, Topt was defined as the temperature with maximum aerobic scope, upper and lower Tpej were defined as the maximum and minimum temperatures at which aerobic remained 731 above 90% of the maximum aerobic scope, and the upper and lower Tcrit were defined as the maximum and minimum temperatures at which aerobic scope was at least 10% of the maximum 732 aerobic scope at Topt. All values are mean ± s.e.m. 
